Polygonum multiflorum is one of the leading causes of herb-induced liver injury in China. HLA-B*35:01 is reported to be a potential biomarker of Polygonum multiflorum-induced liver injury (PM-DILI). However, little is known about the relationship between single-nucleotide polymorphisms (SNPs) and PM-DILI.
INTRODUCTION
Herbs are usually considered to be natural and safe. However, herbs are often major causes of drug-induced liver injury (DILI) [1] . A previous retrospective study estimated the annual incidence of DILI in the general population at 23.80 per 100000 persons in mainland China, with traditional Chinese medicines, herbal and dietary supplements, and antituberculosis drugs being the leading causes [2] . Among herbal supplements, Polygonum multiflorum (PM) has been reported in several studies to be one of the leading causative agents of DILI [3] [4] [5] .
PM is a well-known traditional Chinese herbal medicine called He Shou Wu in China and East Asia and Fo-ti in North America. PM has been used since ancient times as a medical prescription or food supplement for gray hair, hair loss, constipation, and hyperlipemia [6] . Nonetheless, reports of PM-induced liver injury (PM-DILI) have been increasing in recent years. Indeed, several cases of hepatitis associated with PM have been reported in patients from Australia, China, Italy, Japan, the Netherlands, the United States and Slovakia [7] [8] [9] [10] [11] . In addition, experiments both in vivo and in vitro have indicated that PM is toxic to the liver [12] [13] [14] . The diagnosis of DILI can be difficult because it relies largely on the exclusion of other potential causes and requires a high index of suspicion, as patients are often asymptomatic [15] . To improve the safe use of PM, the identification of biomarkers to prevent and diagnose PM-DILI is essential.
Susceptibility to DILI is considered to be genetically determined [16] . The HLA genotype as well as drug metabolism genes affect susceptibility to DILI due to a range of drugs and correlate with the underlying mechanisms [16, 17] . For example, associations have been found between HLA-DRB1*15:01 and amoxicillin-clavulanate-DILI [18] , HLA-A*33:01 and fenofibrate-DILI [19] , and NAT2, GST and CYP2E1 polymorphisms and antituberculosis-DILI [20] . Recently, Li et al [17] reported an association between HLA-B*35:01 and PM-DILI.
However, HLA genotyping is time consuming and expensive compared with the detection of single-nucleotide polymorphisms (SNPs). Here, we present a systematic multicenter study that aimed to identify SNP risk factors for PM-DILI.
MATERIALS AND METHODS

Participants
The 73 adult PM-DILI patients involved in our study were recruited at Peking University First Hospital (Beijing, China), the Fifth People's Hospital of Wuxi (Jiangsu, China), the Third Hospital of Qinhuangdao (Hebei, China), and Yantai City Hospital for Infectious Diseases (Shandong, China) from January 2012 to October 2017. An additional 118 adult other drug-induced liver injury (other-DILI) patients and 191 adult healthy controls were recruited at Peking University First Hospital (Beijing, China). The DILI patients met one of the following criteria: Alanine aminotransferase (ALT) levels ≥ 5 × the upper limit of normal (ULN), ALT ≥ 3 × ULN and total bilirubin level (TBil) ≥ 2 × ULN, alkaline phosphatase (ALP) level ≥ 2 × ULN, or pathological diagnosis of DILI. Patients who took both other drugs and single PM or PM preparations were excluded. The study protocol conformed to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Human Research Committee of Peking University First Hospital (approval number, 2015[892]). The participants were Han Chinese and provided written informed consent before donating blood samples. Subjects with viral hepatitis, autoimmune liver diseases, alcoholic liver disease and non-alcoholic fatty liver disease were excluded. The overall study design is shown in Figure 1 .
Assessment of causality
The causality of DILI cases was evaluated by a panel of two hepatologists, and all patients had a Roussel Uclaf Causality Assessment Method (RUCAM) score of 3 or greater. RUCAM scores were grouped into likelihood levels of "highly probable" (≥ 9), "probable" (6-8), "possible" (3-5), "unlikely" (1-2), and "excluded" (≤ 0) [21] .
Assessment of clinical patterns of liver injury
According to the Council for International Organizations of Medical Sciences criteria [22] , the clinical pattern of DILI was based on the earliest identified liver biochemistry abnormalities and was defined using the R value. R values > 5 were classified as hepatocellular injury, < 2 as cholestatic injury, and 2-5 as mixed injury, where R = (ALT / ULN) / (ALP / ULN).
DNA preparation
Genomic DNA was extracted from lymphocytes using DNA Blood Mini Kits (QIAGEN, Hilden, Germany) according to the manufacturer's instructions and stored at -80 °C in Peking University First Hospital.
Candidate SNP selection and detection
Whole-exome sequencing was carried out for 8 PM-DILI patients and 8 healthy controls who were randomly selected from the 73 PM-DILI patients and 191 healthy controls. Whole-exome sequencing was performed by GENEWIZ, Inc. with a depth of 50-fold and a coverage of 90%. All sequencing data are available through the NCBI Sequence Read Archive under accession number PRJNA564440. A total of 19 candidate SNPs that were found in no less than 4 of the PM-DILI patients and no more than 3 of the healthy controls were selected. Detailed information on the SNPs is shown in Table 1 and can be obtained from the SNP database system of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/snp).
The 19 candidate SNPs were then screened in 65 PM-DILI patients, 118 other-DILI patients and 183 healthy controls using the MassARRAY system which can test up to 40 target-specific DNA fragments in a single reaction. Quality control of the detection data was performed using PLINK software (version 1.07). SNPs with genotype failure rates larger than 5% (2 SNPs), a minor allele frequency less than 5% (1 SNP), or Hardy-Weinberg equilibrium test P values < 0.05 (8 SNPs) were excluded. As a result, 8 SNPs were included in the analysis. Statistical analysis was performed on the 8 SNPs among 73 PM-DILI patients, 118 other-DILI patients and 191 healthy controls.
HLA-B high-resolution genotyping
To investigate the relationship between rs1055348 and HLA-B*35:01, high-resolution genotyping of HLA-B in the 73 PM-DILI patients and 118 other-DILI patients was performed by BFR Gene Diagnostics Co., Ltd. The 10689 healthy individuals from the Han-MHC database were selected as study controls [23] . Sensitivity, specificity, positive predictive value, negative predictive value and Cohen's kappa coefficient were calculated.
Statistical analysis
A comparison of the clinical features between the PM-DILI group and other-DILI group was performed using SPSS software, version 20.0 (SPSS Inc., Chicago, IL, United States). Quantitative variables were analyzed by Student's t test. Categorical variables were compared using the chi-square or Fisher's exact test, and the results are shown as a number and percentage. Results were considered statistically significant at P < 0.05 (2-tailed). PLINK (version 1.07) software was used to compare allele frequencies between groups. We used the chi-square or Fisher's exact test to compare allele frequencies between groups. Logistic regression was applied to investigate independent risk factors for PM-DILI. We set a threshold of P < 6.25 × 10 -3 by Bonferroni correction for SNPs and HLA-B alleles.
Sensitivity, specificity, and positive and negative predictive values were analyzed by MedCalc for Windows, version 15.2 (MedCalc Software, Ostend, Belgium). Cohen's kappa coefficient was calculated using GraphPad QuickCalcs (GraphPad Software Inc., La Jolla, CA, United States).
RESULTS
Clinical features
Of the 73 PM-DILI patients recruited, disease was caused in 11 patients by PM alone and in 58 patients by PM preparations; 4 patients were rechallenged with PM preparations. Of the 118 other-DILI patients, 65 cases were mainly induced by Chinese herbal medicines and 53 by Western medicines. The top 6 causative agents in the other-DILI group were antibiotics (18), Radix Bupleuri (16), statins (11), Fructus Psoraleae (10), Cortex Dictamni (8), and methimazole (4). There were more female and younger patients in the PM-DILI group (P < 0.05). ALT, aspartate aminotransferase (AST) and TBil levels were higher in the PM-DILI group (P < 0.05), although body mass index, ALP level, distribution of injury type and RUCAM scores were not significantly different between the two groups ( Table 2 ).
Association between SNPs and PM-DILI
The frequencies of rs111686806 in the HLA-A gene, rs1055348 in the HLA-B gene and rs202047044 in the HLA-DRB1 gene were significantly higher in the PM-DILI group than in the control group (P < 6.25 × 10 -3 ); no significant difference was found for the other 5 SNPs (Table 3) . Logistic regression analysis showed that rs111686806, rs1055348, and rs202047044 were risk factors for PM-DILI compared with the control group.
Notably, only rs1055348 in the HLA-B gene exhibited a significantly different distribution between the PM-DILI group and the other-DILI group. The frequency of rs1055348 was 42.5% in the PM-DILI group and 13.6% in the other-DILI group, a difference that was significant (P = 1.84 × 10 -10 ). A logistic regression model showed that rs1055348 was a risk factor for increased susceptibility to PM-DILI compared with other-DILI [Odds ratio (OR) = 10.06, 95% confidence interval (CI): 5.06-20.0] and healthy controls (OR = 13.62, 95%CI: 7.16-25.9).
Moreover, in the PM-DILI group, 10 of 11 (90.91%) PM-DILI patients whose disease was caused by PM alone, 4 of 4 (100%) PM-DILI patients who were rechallenged with PM preparations and 44 of 58 (75.86%) PM-DILI patients whose disease was caused by PM preparations carried the rs1055348 G allele. No significant difference was found between the three subgroups (P = 0.305).
Furthermore, we compared biochemical characteristics between patients with the rs1055348 G allele and those without the rs1055348 G allele (Table 4 ). In both the PM-DILI and other-DILI groups, patients with the rs1055348 G allele had higher ALT and AST levels than did patients without the rs1055348 G allele (P < 0.05). No significant difference in the TBil level was found.
Association between HLA-B alleles and PM-DILI
HLA-B alleles showed considerable variability. A total of 48 alleles were identified in the 73 PM-DILI patients and 118 other-DILI patients, and the distribution of alleles with frequencies > 1% is shown in Figure 2 and Figure 3 . The frequency of HLA-B*35:01 was 41.1% in the PM-DILI group compared with 11.9% (P = 4.30×10 -11 , OR = 11.11, 95%CI: 5.57- 22.19) in the other-DILI group and 2.7% (P = 6.22 × 10 -166 , OR = 62.62, 95%CI: 35.91-109.20) in the Han-MHC database of 10689 healthy control subjects [23] . These results validated the previous conclusion that HLA-B*35:01 is a genetic risk factor for PM-DILI [17] . HLA-B*35:01 allele and rs1055348 in the HLA-B 
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The sensitivity, specificity, positive predictive value, negative predictive value and Cohen's kappa coefficient of the rs1055348 G allele for HLA-B*35:01 are shown in Table 5 . Both in the PM-DILI group and the other-DILI group, the rs1055348 G allele had 100% sensitivity and > 95% specificity for HLA-B*35:01, which indicated that HLA-B*35:01 could be tagged by rs1055348. And a nearly perfect agreement was found between the rs1055348 G allele and HLA-B*35:01 with κ = 0.959 in the PM-DILI group and κ = 0.911 in the other-DILI group.
DISCUSSION
It is difficult to assess the relationship between PM and liver injury or to predict PM-DILI. In China, the use of PM is often combined with Western drugs. Identification of a specific genetic biomarker of PM-DILI is helpful for the diagnosis or prediction of PM-DILI. We successfully identified three SNPs, rs111686806 in the HLA-A gene, rs1055348 in the HLA-B gene and rs202047044 in the HLA-DRB1 gene, to be risk factors for PM-DILI compared with the control group. HLA-A and HLA-B are HLA class I alleles associated with cytotoxic CD8+ T cell-mediated livery injury, while HLA-DRB1 is an HLA class II allele involved in the interaction between antigenpresenting cells and CD4+ T cells, which leads to liver injury [24] . These results indicate that the adaptive immunity response may play an important role in the pathogenesis of PM-DILI.
Notably, when compared with that in the other-DILI group, rs1055348 in the HLA-B gene was the only potential genetic risk factor, which suggests that rs1055348 in the HLA-B gene is specific to PM-DILI and may help strengthen the diagnosis of PM-DILI, particularly in distinguishing PM-DILI from other-DILI.
rs1055348 is a T > G or T > C mutation in the 3'-untranslated region of the HLA-B gene. The 3'-untranslated region of a gene is best known for regulating mRNA expression, including localization, translation, and degradation [25] . Thus, rs1055348 in the HLA-B gene may increase susceptibility to PM-DILI by regulating expression of the HLA-B gene.
On the other hand, HLA-associated DILI is normally correlated with HLA genotyping which has different amino acid sequences, but not the untranslated region. Therefore, another mechanism may be that rs1055348 in the HLA-B gene may be a tag for one HLA-B genotype. HLA-B*35:01 was reported to be a genetic risk factor for PM-DILI and a potential biomarker for predicting PM-DILI [17] . The clinical performance of rs1055348 in the HLA-B gene to become a tag for HLA-B*35:01 has been evaluated in African, Ad Mixed American, East Asian and European populations from the 1000 Genomes Dataset [26] , and it was concluded that rs1055348 may not be suitable due to a low specificity of 80.22%.
Regardless, in the current study, we evaluated the potential for the rs1055348 G allele in the HLA-B gene to become a tag for HLA-B*35:01. In both the PM-DILI group and the other-DILI group, the sensitivity was 100%, and the specificity was > 95%. The 100% sensitivity and > 95% specificity were considered sufficient for the clinical utility of tagging SNPs in a previous study [27] . Thus, the rs1055348 G allele in the HLA-B gene may serve as a tag for HLA-B*35:01 in PM-DILI patients and other-DILI patients in the Han Chinese population. Furthermore, compared with HLA-B*35:01 typing, testing of rs1055348, a tag SNP, is cost-effective and time efficient. In fact, real-world experience demonstrated that using tag SNP rs116488202 to screen for axial spondyloarthritis can yield a 94% reduction in costs relative to cases in which all patients were assessed with HLA-B*27 [28] , which suggests that screening for tag SNP rs1055348 before consuming PM would produce considerable economic benefits.
Studies on the biochemical characteristics of traditional Chinese medicines and Western medicines are controversial [4, 5, 29] . In the current study, the distribution of gender, age, ALT level, AST level and TBil level were significantly different between the PM-DILI and other-DILI groups (P < 0.05). Patients with the rs1055348 G allele showed higher levels of ALT and AST than did those without the rs1055348 G allele in both groups, which indicates that immune factors are involved not only in the onset of DILI but also in the process of inflammation. In addition, the higher frequency of rs1055348 may be another reason for the higher levels of ALT and AST in the PM-DILI group. However, the causative agents in the other DILI group consisted of multiple types of drugs, including both Chinese herbal medicines and Western medicines. More cases are needed to further compare the clinical features of PM-DILI with other-DILI.
The limitations of this study include the small sample size and number of patients taking PM only. A prospective study with a larger sample size of patients taking PM only is needed to further evaluate the role of rs1055348 in the HLA-B gene in PM-DILI.
In summary, our systematic study identified rs111686806 in the HLA-A gene, rs1055348 in the HLA-B gene, and rs202047044 in the HLA-DRB1 gene as genetic risk factors for PM-DILI, of which, rs1055348 in the HLA-B gene was specific to PM-DILI compared to other drugs. As a tag for HLA-B*35:01, rs1055348 in the HLA-B gene may become an alternative predictive biomarker of PM-DILI. Further study to explore the mechanisms of rs1055348 in PM-DILI is needed. 
